Silicon carbide (SiC) is an attractive semiconductor material for applications in power electronic devices. However, fabrication of a high-quality SiC/SiO 2 interface has been a challenge. It is well-known that there is a great difference in oxidation rate between the Si-face and C-face, and that the quality of oxide on the Si-face is greater than that on the C-face. However, the atomistic mechanism of the thermal oxidation of SiC remains to be solved. In this paper, a new Si-C-O interatomic potential was developed to reproduce the kinetics of the thermal oxidation of SiC. Using this newly developed potential, large-scale SiC oxidation simulations at various temperature were performed. The results showed that the activation energy of the Si-face is much larger than that of the C-face. In the case of the Si-face, a flat and aligned interface structure including Si 1+ was created. Based on the estimated activation energies of the intermediate oxide states, it is proposed that the stability of the flat interface structure is the origin of the high activation energy of the oxidation of the Si-face. In contrast, in the case of the C-face, it is found that the Si atom at the interface are easily pulled up by the O atoms. This process generates the disordered interface and decreases the activation energy of the oxidation. It is also proposed that many excess C atoms are created in the case of the C-face.
I. INTRODUCTION
Silicon carbide (SiC) is an attractive semiconductor material for applications in power electronic devices since it has excellent physical properties including wide band gap, high critical field strength and high thermal conductivity. Among the many polytypes of SiC, 4H-SiC is considered to be particularly suitable for power electronic devices. One of the advantages of SiC is the ability to make SiO 2 insulating film by thermal oxidation as well as by using silicon, which facilitates production of the metal oxide semiconductor field effect transistor (MOSFET).
Although the SiC crystal is structually isomorphic with silicon, the thermal oxidation process of SiC is known to be very different from that of silicon. Previous studies have reported that the SiC/SiO 2 interface is neither smooth nor abrupt, [1] [2] [3] [4] [5] [6] in contrast to the Si/SiO 2 interface. The imperfection of the interface structure causes a high interface state density, which is considered to be a reason for the low channel mobility of SiC-MOSFET. 7, 8 Therefore, a high quality SiC/SiO 2 interface has not yet been developed for the fabrication of SiC devices.
The anomalousness of the oxidation mechanism of SiC appears in its kinetics. It is known that the oxidation rate In a recent study, 11 the activation energies for the oxidation were obtained by fitting the experimental data to the modified Deal-Grove formulation. 12 The authors showed that the parabolic constant (corresponding to the diffusion-limiting step) was not dependent on the surface orientation and was almost equal to that of the silicon oxidation. On the other hand, the activation energy of the linear constant (corresponding to the interface reactionlimiting step) of the Si-face was three times higher than that of C-face.
Density functional theory (DFT) calculations have been performed to investigate the atomistic process of the oxidation of SiC at the interface. Recently, several authors have performed DFT calculations of SiC oxidation at finite temperature and reproduced the elementary processes of this oxidation, such as the dissociation of O 2 molecules and the formation of CO/CO 2 molecules.
13,14
However, because of its limited applicability, a long-term simulation to reproduce the continuous oxidation process including the progress of the interface has not been achieved. For investigation of the kinetics of the oxidation of SiC, the classical molecular dynamics (MD) is a suitable method. However, to the best of our knowledge, there is no interatomic potential to reproduce the surface arXiv:1804.08860v1 [cond-mat.mtrl-sci] 24 Apr 2018 orientation-dependence of the kinetics of the oxidation of SiC.
In our previous studies, [15] [16] [17] we developed a hybrid charge-transfer-type interatomic potential, based on the Tersoff potential, into which we incorporated the covalent-ionic mixed bond nature. Using the framework of our proposed potential, we previously developed an Si-O potential for the thermal oxidation of silicon 16 and Si-C potential for graphene growth on SiC substrate.
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In this paper, we developed a new Si-O-C interatomic potential to reproduce the kinetics of the oxidation of SiC, with a particular focus on the reactions at the SiC/SiO 2 interface. Our aim in this paper was to reproduce the surface orientation-dependence of the rate of the oxidation process and to reveal its mechanism using the newly developed interatomic potential.
II. METHODS
In addition to the potential parameters for the alreadydeveloped Si-O and Si-C systems, parameters for C-O and Si-O-C (the three-body term) are needed. The function form of the interatomic potential is shown in our previous papers.
15,16
We fit the potential parameters using our potentialmaking scheme.
16,17 For C-O parameters, the sampled structures other than the CO and CO 2 molecules used for fitting are described below. Structures in which an O atom is connected to a C cluster (chain or ring) are employed. To fit the energy surface of the desorption of molecules from the C cluster, MD simulations to separate CO or CO 2 molecules from the edge of the C chain structure are performed to sample the snapshots. MD simulations of the O 2 molecule insertion into the diamond are performed for sampling. Bulk diamond structures which contain several O atoms are also created.
The remaining parameters are the three-body parameters which contain each of the Si, C and O atoms. First, amorphous Si 4 C 4−x O 2 oxycarbide structures are created. Oxycarbide structures with excess Si, C or O atoms are also created. For structures including molecules, SiO 2 structures with CO molecules and those with CO 2 molecules are created.
After fitting the above structures, additional fitting using the snapshots of DFT calculations for the SiC oxidation process 13,14 is performed. The systems include 250 atoms. Those snapshots involves various reaction pathways such as the dissociation of O 2 molecules, the bond formations of Si-O and C-O, the bond recombination, the formations of C-C bonds at the SiC/SiO 2 interface and the formations of CO and CO 2 molecules. As a result of the above reactions, the following structures are also included in the snapshots: C clusters (chain and ring) at the interface, Si atoms with intermediate oxide states such as Si 1+ , Si 2+ and Si 3+ and molecules (O 2 , CO and CO 2 ) in the amorphous SiO 2 . The number of material properties used for fitting reaches about 1,000,000. It is noted that parameters for Si-O are refitted in this paper because the potential functions were changed from the previous paper.
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Figure 1(a) plots the comparison of the atomic forces between DFT calculations and the developed interatomic potential. The case for ReaxFF 18 is also shown in Fig. 1(b) . The correlation coefficient of our interatomic potential is 0.91, while that of ReaxFF is 0.43. It is proved that our interatomic potential well reproduces the various structures. This interatomic potential is implemented in the LAMMPS Molecular Dynamics Simulator. 19, 20 In our simulations, the calculation speed of our interatomic potential is slightly faster than that of ReaxFF.
III. SIC OXIDATION SIMULATION
The oxidation simulation of SiC is performed with the developed interatomic potential. The initial structure is shown in Fig. 2 . A thin SiO 2 layer is connected to the SiC surface. The area of the interface is about 30 × 25 nm 2 . The structure of the C-face is also created by replacing Si atoms with C atoms and vice versa.
In order to focus on the reaction of O 2 molecules, the oxidation simulation is realized by inserting O 2 molecules into SiO 2 repeatedly. The details of the simulation are as follows: 1. The initial SiO 2 layer is annealed for 2 ps (5000 K for 1 ps and 2000 K for 1 ps) while fixing the other regions.
2. Then, the O 2 molecules are inserted into the SiO 2 region. The number of O 2 molecules to be inserted is set so that its density becomes about 1 molecule/nm 3 . The inserted position is randomly selected from the points that are more than 1.8Å apart from all other atoms.
3. 1 ps of MD (NVT ensemble) at certain temperature with fixed lattice size taking into account the thermal expansion is performed while fixing the bottom bilayer of SiC.
4. After 1 ps, the remaining O 2 molecules are all removed. All CO and CO 2 molecules generated during the simulation are removed every 1 ps, since those diffusions are fast enough to ignore, unlike O 2 molecules. These insertion procedures enable us to boost the diffusion of O 2 molecules in SiO 2 . The timestep is set to 0.5 fs. The periodic boundary condition is applied.
In the case of 1600 K oxidation, the progress in oxidation is observed in both the Si-face and C-face cases. Figure 3 shows the snapshots of the oxidation simulation of both faces, in which the same amount of SiC is oxidized. The oxidation rate of the C-face is faster than that of the Si-face. Figure 4 shows only the C atoms for the same snapshots.
Next, a series of oxidation simulations are performed by changing the temperature from 1200 K to 2000 K in increments of 200 K. Figure 5 shows the time histories of the positions of the SiC/SiO 2 interface. It is noted that the fixed bottom layer is at −12.5Å. The averaged oxidation rate is calculated after the interface reaches −9.8Å. The Arrhenius plot of the oxidation rate is shown in Fig. 6 . It indicates that the activation energy of the Siface is 0.64 eV, which is 2.7 times larger than that of the C-face (0.24 eV). Previous experimental work 11 reported that the activation energy of the linear rate constant of the Deal-Grove model for the Si-face is 2.9 times larger than that of the C-face, which is consistent with our results.
It is noted that the quantitative values of the activation energy are smaller than those of the experimental data. This might be due to the difference in oxide thickness. It is well known that the growth rate is higher when the oxide is thin. 21, 22 In the case of the oxidation of silicon, the experimental data of the activation energy for ultrathin oxide 23 is lower than that for thick oxide . 24,25 DFT calculations 26, 27 show that the activation energy for the dissociation of O 2 molecules is consistent with that of ultrathin oxide. It is considered that the effects related to thick oxide, such as roughness or stress accumulation, increase the activation energy.
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IV. DISCUSSION
In order to investigate the mechanism underlying the dependence of the oxidation rate on the crystal orientation of SiC, we focus on the valences of the Si atoms at the interface. In the case of the Si-face (Fig. 7(a) ), the number of Si 1+ is larger than that of Si 3+ , in contrast to the case of the C-face (Fig. 7(b) ). Also, the number of Si 2+ is smaller than that of the C-face. These results are in good agreement with the XPS observation. Figure 8 shows the distribution of Si 1+ , Si 2+ and Si
28,29
3+
along the direction perpendicular to the surface. Only in the case of the Si-face, the distribution of Si 1+ has a sharp peak. Those Si atoms are located on the interface front of the SiC substrate and have one vertical Si-O bond and three Si-C back bonds, as seen in Fig. 3 .
The lifetimes of Si 1+ , Si 2+ and Si 3+ are also inves- tigated. Assuming that Si n+ stochastically changes to Si (n+1)+ (n = 1 or 2 or 3), the survival rate P n (t), the percentage of Si n+ which are alive for a time t after their generation, can be written as
where λ n is the reaction rate constant. Assuming λ n follows the Arrhenius equation, λ n can be written as
where A n , E n , k B and T are the pre-exponential factor, the activation energy for the reaction, the Boltzmann constant and the temperature, respectively. To calculate the activation energies E n , the rate constant λ n (T ) for various temperatures T are obtained by fitting the simulation results to Eq. (1). Then, the activation energies E n for each n are calculated both in the case of the Si-face and the C-face. The results are shown in Table I . E 1 (corresponding to the reaction of Si 1+ → Si 2+ ) in the case of the Si-face is 0.7 eV, which is much higher than the others. Also, this value is close to the activation 
Si-face [eV] C-face [eV]
Corresponding reaction path
energy of the Si-face oxidation shown in Fig. 6 (0.64 eV) . Therefore, the reaction of Si 1+ → Si 2+ would be the ratelimiting process in the whole oxidation process in the case of Si-face. On the other hand, all E n values in the case of the C-face are relatively low.
We also estimate the activation energies of the dissociation of O 2 molecules at the interface by using nudged elastic band (NEB) calculations. The activation energies are found to be in the range of 0.0-0.2 eV on both the Si-face and C-face. It is noted that these low activation energies are close to that of the oxidation of silicon calculated by DFT.
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The snapshots of the interface in the cases of Si-face ( Fig. 9(a) ) and C-face (Fig. 9(c) ) are shown. In the case of the Si-face, the Si atoms have one vertical front bond and three back bonds. The flat interface can be fabricated by replacing the front Si-C bond with an Si-O bond, as is schematically shown in Fig. 9(b) . The Si atoms correspond to Si 1+ , which is flatly distributed at the interface, as discussed above. For further oxidation reaction, O atoms need to access the Si atoms located in the next layer. Since the Si atom is apart from the interface, the reaction with O atoms is inhibited. In order for the oxidation to proceed, the aligned Si-C bonds at the interface must be broken. That reaction would be the rate-limiting process of the oxidation (corresponding to E 1 shown in Table I ).
In contrast, the Si atoms in the C-face have three front bonds and one vertical back bond. As the O atom approaches the interface, it easily pulls up the Si atom because it prefers to connect with the Si atom, as is schematically shown in Fig. 9(d) . Several of these reactions can be seen at the interface in Fig. 3 . Together, these processes form the disordered interface through many bond reconstructions. Since there is no aligned structure in the case of the C-face, the oxidation can proceed without the high activation energy.
The difference in the oxidation process also affects the creation of excess C atoms at the interface. Figure 10 shows the time histories of the number of C atoms which have C-C bonds at 1600 K. Since the oxidation in the case of the C-face proceeds quickly as described above, many C atoms are left in the SiO 2 region. In addition, the geometric difference in the atomic interface structure is likely to affect the formation of the C-C bonds at the interface. In the case of the C-face, the pulling up of Si atoms breaks the Si-C back bond and the nearby excess C atoms sometimes enter the broken back-bond site. This process creates vertical C-C bonds at the interface. This can be seen in Fig. 4 . The detailed snapshots of C-C bonds at the interface are shown in Fig. 11 .
V. CONCLUSION
A new interatomic potential was developed to reproduce the kinetics of the thermal oxidation of SiC. Many snapshots, including oxidation simulations using DFT calculations, were used in the fitting as the training data. The newly developed potential was then used to perform large-scale SiC oxidation simulations at various temperatures. The results showed that the activation energy of the Si-face tended to be much larger than that of the Cface, which was consistent with the experimental results. It was also found that there was a large difference in the intermediate oxide states of Si atoms at the SiC/SiO 2 interface. In the case of the Si-face, a flat and aligned interface structure that mainly included Si 1+ was created. The activation energy of the oxidation process of those Si 1+ was estimated to be higher than that of the C-face. Based on these results, we propose that the stability of the flat interface structure is the origin of the high activation energy of the Si-face oxidation. In contrast, in the case of the C-face, it is found that the Si atoms at the interface are easily pulled up by the O atoms and break the Si-C back bonds. This process forms the disordered interface and decreases the activation energy of the oxidation. Since the oxidation in the case of the C-face proceeds quickly, it is also proposed that many excess C atoms are created in the case of the C-face.
ACKNOWLEDGMENTS
A portion of this research was partly supported by MEXT within the priority issue 6 of the FLAGSHIP2020 and JSPS KAKENHI Grant No. 16H03830.
The DFT-MD calculations were carried out on the K computer provided by RIKEN, AICS through the HPCI System Research project (Project ID: hp150266 and hp160226).
This work is supported by a Grant-in-Aid for JSPS Research Fellow.
